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TECHNICAL MEMORANDUM X-53898 

A NEW INTERPRETATION OF THE EXPLORER X V I I  

AND EXPLORER XXXII IONIZATION GAUGE DATA AND 

ITS IMPLICATfONS TO ORBITAL ANALYSIS 

SUMMARY 

The response of the modified Redhead magnetron d e n s i t y  gauges 
used on the  Explorer X V I I  and Explorer X X X I I  s a t e l l i t e s  has been 
analyzed by using the  t ransmiss  ion  p r o b a b i l i t i e s  and time response 
c h a r a c t e r i s t i c s  due t o  geometry and gas-molecule/surface i n t e r a c t i o n s .  
It w a s  found t h a t  the ve ry  ev ident  f l u i d  dynamic response charac te r -  
i s t ics  of the d a t a  requi red  an  i n t e r p r e t a t i o n  which uses  low energy 
and momentum exchange f o r  the gas on the i n i t i a l  w a l l  c o l l i s i o n s  wi th  
t o t a l  loss of atomic oxygen. An a d d i t i o n a l  s i g n a l  due t o  a process -- 
most l i k e l y  t o  be recombination -- t ak ing  p lace  on the w a l l  of the 
gauge is suggested.  For the example used, t h e r e  i s  a f a c t o r  of two 
between the  der ived dens i ty  based on the  o r i g i n a l  assumptions and the 
d e n s i t y  based on the  new i n t e r p r e t a t i o n .  

I. INTRODUCTION 

There has been a c o n s i s t e n t  d i f f e rence  between the va lues  f o r  the 
d e n s i t y  of the upper atmosphere as der ived from i o n i z a t i o n  type gauges 
(pressure  gauges, m a s s  spectrometers ,  e t c . )  flown on sounding rockets  
and s a t e l l i t e s  and the d e n s i t y  derived from s a t e l l i t e  drag [ 1 , 2 , 3 , 4 , 5 ,  
61. 
atmosphere sugges t  t h a t  t he  cause f o r  t h i s  d i f f e r e n c e  is  i n  the  coef- 
f i c i e n t s  used i n  the drag a n a l y s i s ;  whereas, the  groups which conduct 
the  drag a n a l y s i s  suggest  t h a t  the  cause i s  i n  the  i n t e r p r e t a t i o n  of 
gauge da ta .  Each group has v a l i d  arguments, and s i n c e  the re  has no t  
been any t r u l y  d e f i n i t i v e  experiments conducted t o  determine the  cause,  
e i t h e r  p o s i t i o n  can be defended without  much d i f f i c u l t y .  

Those groups which conduct experimental  probe s t u d i e s  of the  upper 

Perhaps the b e s t  a v a i l a b l e  s e r i e s  of experiments conducted which 
could he lp  de f ine  the  cause of the problem a r e  the aeronomy s a t e l l i t e s  
of the  Goddard Space F l i g h t  Center [1,2,7,8,9,10,11]. Explorer X V I I  
(AE-A) and Explorer XXXII (AE-B) had a b a s i c  s t r u c t u r e  i d e a l  f o r  the  
drag  a n a l y s i s  (a sphere +c 88 cm i n  diameter) ,  as w e l l  as s e v e r a l  types 
of i o n i z a t i o n  gauges used t o  measure dens i ty .  
X V I I  d a t a  t h a t  a c o n s i s t e n t  factor of two between the  gauge-measured 
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d e n s i t y  and drag-derived d e n s i t i e s  occurred. Numerous reasons have been 
examined i n  an a t tempt  t o  exp la in  the  d i f f e r e n c e s ;  none seem t o  f u l l y  
desc r ibe  the problem. A t  the  r i s k  of merely adding more confusion,  t h i s  
paper o f f e r s  a new i n t e r p r e t a t i o n  of  the  i o n i z a t i o n  gauge d a t a  and i t s  
impl ica t ion  bo th  t o  the  use of i o n i z a t i o n  gauges and t o  o r b i t a l  a n a l y s i s  
of s a t e l l i t e s  f o r  determining upper atmosphere d e n s i t i e s .  

I n  a d d i t i o n  t o  the  advantage of t he  geometry of t he  aeronomy s a t e l -  
l i t e s ,  bo th  AE-A and AE-B had, among t h e i r  complement of instruments ,  
i d e n t i c a l  cold cathode magnetron i o n i z a t i o n  gauges t o  measure the  
dens i ty ,  Furthermore, from a Monte Carlo a n a l y s i s  of the two types 
of d e n s i t y  gauges on AE-A [2] ,  the  magnetron gauge (due t o  i t s  i n t e r n a l  
geometry) w a s  seen  t o  be the  more s e n s i t i v e  t o  va r ious  models of gas- 
su r f ace  i n t e r a c t i o n s  used i n  the s tudy.  Also, the  s p i n  r a t e  of AE-B 
was about  one-third t h a t  of AE-A. Thus, the same gauge could be 
analyzed both  i n  terms of the  gas-surface i n t e r a c t i o n  model and i ts  
time response.  

The d e t a i l s  of t h a t  a n a l y s i s  a r e  presented i n  t h i s  r e p o r t .  F i r s t ,  
the  measured d a t a  a r e  examined and ad jus ted  f o r  obvious c h a r a c t e r i s t i c s  
of the  system. Next, the t h e o r e t i c a l  response of the  gauge is pre- 
sented f o r  s e v e r a l  gas-sur face  i n t e r a c t i o n  models and t h e i r  time response 
c h a r a c t e r i s t i c s  , and compared wi th  the  measured da ta .  From t h i s  compari- 
son, the  phys ica l  processes  taking p lace  a r e  suggested.  Based on t h i s  
i n d i c a t i o n ,  a simple model which y i e l d s  amazingly s imi l a r  r e s u l t s  w i t h  
r e s p e c t  t o  the measured d a t a  is developed. 
the genera l  c h a r a c t e r i s t i c s  of drag c o e f f i c i e n t s  t o  s e e  what change 
would be expected, i f  any, i n  the  o r b i t a l  drag ana lys i s .  

Using t h i s  model, we examine 

11. FLIGHT DATA 

A. I on iza t ion  Gauge Operation 

The modified Redhead i s  a member of the  l a r g e  family of i o n i z a t i o n  
pressure  gauges. A s  the term impltes ,  the n e u t r a l  molecules which a r e  
introduced i n t o  the sensing volume a r e  ionized,  and the  r e s u l t i n g  ions 
a r e  co l l ec t ed  and counted. When the re  a r e  s t eady  s t a t e  condi t ions ,  an 
ion  c u r r e n t  i s  measured which is  r e l a t e d  t o  the pressure  i n  the  fol lowing 
way : 

N I = k P ,  

where 

I = ion cu r ren t  
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k = s e n s i t i v i t y  f a c t o r  

P = pressure  

N = cons tan t  u sua l ly  ly ing  between 1.1 and 1.4. 

In  a mixture  of  gases ,  the  s e n s i t i v i t y  f o r  each o f  t h e  c o n s t i t u e n t s  must 
be known t o  i n t e r p r e t  t he  measurements. I n  any case, however, t he  meas- 
ured cu r ren t  is p ropor t iona l  t o  t h e  number dens i ty  o f  t h e  gas mixture i n  
the  sens ing  volume. 

B. F l i g h t  Data 

Figure 1 p resen t s  a t y p i c a l  d a t a  shee t ,  g rac ious ly  provided by 
M r .  George Newton, GSFC, showing t h e  t i m e  and the  equiva len t  N, p r e s -  
su re  f o r  t h e  cu r ren t  measured. The l e f t  group o f  columns g ives  t h i s  
information f o r  t he  t i m e  i nd ica t ed ,  while  t he  r i g h t  group of  columns 
g ives  t h e  d a t a  f o r  t + .025 seconds. 

The d a t a  were ad jus ted  i n  the  fol lowing manner. F i r s t ,  s i n c e  t h e  
measured d e n s i t i e s  must be p ropor t iona l  both t o  any outgass ing  i n  the  
gauge and t o  t h e  ambient dens i ty  which i s  dependent on  the  re la t ive  
motion between the  gauge and t h e  atmosphere, a complete s p i n  cyc le  w a s  
examined t o  f i n d  t h e  minimum pressure  before  the  next maximum value.  
This  pressure  was then  subt rac ted  from a complete tumble cyc le  s t a r t i n g  
wi th  t h a t  po in t ,  l eav ing  a t a b l e  of  d a t a  which depended only  on the  p r s -  
cesses  above, p r i n c i p a l l y ,  t h e  f l u i d  dynamics due t o  t h e  motion. These 
d a t a  were then  normalized t o  the  maximum pressure  i n  t h e  t a b l e  and the  
r e su l t s  p l o t t e d  (see f i g u r e  2). In  a l l  cases ,  a very  obvious discon-  
t i n u i t y  occurred (such as seen a t  about 75 and 150 degrees  i n  f i g u r e  2)  
a t  about t h e  same p res su re  l e v e l ,  due t o  a c a l i b r a t i o n  cons tan t  change 
i n  t h e  d a t a  r educ t ion  program. The d a t a  were then  s h i f t e d  as ind ica ted  
i n  f i g u r e  2 and renormalized. The f i n a l  d a t a  p l o t s  are shown i n  f i g -  
ure  3 .  Thus, t h e  number d e n s i t y  h i s t o r y  of  a complete s p i n  cyc le  w a s  
achieved. 

Inspec t ion  of  t h e  d a t a  r e v e a l s  s eve ra l  i n t e r e s t i n g  c h a r a c t e r i s t i c s .  
F i r s t ,  i f  one cons iders  t h e  response t o  be equiva len t  t o  t h a t  o f  an  
o r i f i c e  system w i t h  the  peak pressure  ind ica t ing  the  va lue  a t  t h e  minimum 
angle  of  a t t a c k ,  then  the  r a t i o  of  t h e  p re s su re  a t  %in t o  t h a t  a t  ago0 
should i n d i c a t e  t h e  speed r a t i o .  From f i g u r e  3 ,  w e  see t h a t  t h i s  r a t i o  
i s  approximately 20.2, i n d i c a t i n g  S = 5.7. 
follows t h a t  

Since S = U cos (a)/V,, it 
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= [2kT/1n]l/~ = U cos (a)/S 

x 1400 m/sec. 

'm 

I f  t he  gas  were N2, then  the  exospheric  temperature would be about 
3400°K, which i s  a n  unacceptable r e s u l t .  A f u r t h e r  look a t  the  d a t a  
e a s i l y  d i scoun t s  t h i s  cons idera t ion .  I f  the  measured d a t a  were pure ly  
a f l u i d  dynamic response of  an  o r i f i c e  i n  a hypersonic  f r e e  molecule 
flow, t h e r e  should be symmetry about t he  peak p r e s s u r e .  Very ev iden t ly  
t h i s  i s  not  t h e  case i n  the  measured da ta .  The next  approach then  would 
be t o  examine t h e  d a t a  as a pressure  probe response.  This w i l l  be done 
i n  Sec t ion  111. 

111. THEORETICAL PREDICTIONS 

A.  Probe Response 

The response o f  a probe moving i n  a gas i n  f r e e  molecular flow and 
under equi l ibr ium condi t ions  i s  given by 

where 

= pressure  i n  the  sensor  

= pres su re  o f  t he  ambient gas 

= temperature  of  the  sensor  

pS 

Po 

T, 

To 

F(S) = e's2 + 
= temperature  of  t he  ambient gas 

S[1 + ERF(S)] 

s = u cos (a) /Vm 

U = mass v e l o c i t y  of the  probe r e l a t i v e  t o  the  gas 

a = angle  between t h e  normal t o  the  o r i f i c e  and the  v e l o c i t y  
v e c t o r  

4 



= most probable speed of  t h e  molecules Vm 

K,(G,S,a) = t ransmiss ion  p r o b a b i l i t y  i n  f r e e  molecular flow f o r  
t h e  geometry connecting the  ambient flow t o  the  
sensor  volume . 

The f a c t o r  K,(G,S,a) i s  a func t ion  of t he  geometry ( G ) ,  t he  r e l a t i v e  
speed (S), t h e  angle  of a t t a c k  ( a ) ,  and the  gas-sur face  i n t e r a c t i o n  
model. For f r e e  molecule flow w i t h  no mass flow, t h e  molecules s t r i k -  
ing a su r face  are r e f l e c t e d  d i f f u s e l y .  An a n a l y s i s  of  sounding rocke t  
probe d a t a  when t h e  speed r a t i o  was small ( i . e . ,  c 2-3) i nd ica t ed  t h a t  
t h e  r e f l e c t i o n s  were d i f f u s e ;  however, t h e r e  was l i t t l e  d i f f e r e n c e  
between t h e  response cons ider ing  a model using completely d i f f u s e  
r e f l e c t i o n s  and a model when every molecule w a s  specu la r ly  r e f l e c t e d  
on i t s  f i r s t  c o l l i s i o n  [13]. 

The Monte Carlo a n a l y s i s  of  t he  geometry of  t h e  modified Redhead 
guage shows a s i g n i f i c a n t  change i n  the  response of  t h e  system a t  h igh  
speed r a t i o s  w i t h  va r ious  gas-sur face  i n t e r a c t i o n  models ( see  f i g u r e  4 ) .  
A s i m p l e  program w a s  w r i t t e n  t o  c a l c u l a t e  t h e  t h e o r e t i c a l  response of 
t h e  Redhead gauge as a func t ion  o f  t h e  s p i n  angle  of t h e  s a t e l l i t e s .  
The t ransmiss ion  p r o b a b i l i t i e s  ca l cu la t ed  by t h e  Monte Carlo method 
were f i t t e d  by a l eas t - squa res  c u r v e - f i t t i n g  r o u t i n e ,  and the  responses  
f o r  t h e  t h r e e  gas-sur face  i n t e r a c t i o n  models were determined. A s  i n  
t h e  f l i g h t  d a t a ,  t he  r e s u l t s  were normalized t o  the  maximum value  t h a t  
occurred a t  t h e  minimum angle  of a t t a c k .  Figures  5 ,  6 ,  and 7 present  
t y p i c a l  r e s u l t s .  

I n  a l l  cases  these  model r e s u l t s  e x h i b i t  complete symmetry about 
t h e  minimum angle  of  a t t a c k .  This f e a t u r e  i s  due t o  the  assumption of 
equi l ibr ium condi t ions  a t  every i n s t a n t  o f  t i m e  i n  the  s p i n  cyc le .  I n  
genera l ,  t he  increase  i n  the  number of  specular  r e f l e c t i o n s  r e s u l t s  i n  
a much broader response c h a r a c t e r i s t i c s .  The d i p  i n  the  specular  
r e f l e c t i o n  near t h e  peak response i s  due t o  t h e  assumption o f  completely 
specular  r e f l e c t i o n  even when t h e  angle  of incidence o f  t he  molecules 
onto the  top e l ec t rode  o f  t he  gauge is  almost normal. A t  t h e  high 
energ ies  o f  gas molecule/satellite-surface i n t e r a c t i o n s ,  t h i s  assump- 
t i o n  does not  seem v a l i d ;  t h e r e f o r e ,  t he  t ransmiss ion  p r o b a b i l i t i e s  
f o r  t h e  one specular  case  were ad jus ted  t o  more nea r ly  f i t  the  d i f f u s e  
r e f l e c t i o n  case  f o r  0 and 5 degrees  angle  o f  a t t a c k ,  r e s u l t i n g  i n  t h e  
f i n a l  s e t  o f  d a t a  shown i n  f i g u r e  8. Actua l ly ,  t h i s  adjustment has 
l i t t l e  e f f e c t  on e i t h e r  t h e  shape of  t he  curve o r  t he  abso lu te  va lue  
of t he  number d e n s i t i e s .  

5 



B. Probe Response wi th  Time Response 

I n  t h e  Monte Carlo c a l c u l a t i o n  of  t he  t ransmiss ion  p r o b a b i l i t i e s ,  
o t h e r  information about t h e  response o f  t h e  gauge was a l s o  obtained.  
One f e a t u r e  was t h e  t i m e  h i s t o r y  of  t h e  molecules en te r ing  the  gauge 
u n t i l  they reached t h e  sens ing  volume. Figure 9 p re sen t s  t y p i c a l  r e s u l t s  
showing t h e  t i m e  r equ i r ed  f o r  t he  t o t a l  number of  molecules t o  reach t h e  
sensing volume f o r  t h r e e  angles  o f  a t t a c k .  Actua l ly ,  t he  va lues  f o r  
30 degrees  angle  of a t t a c k  are e s s e n t i a l l y  i d e n t i c a l  t o  those  f o r  a l l  
angles  of  a t t a c k  from 30 t o  90 degrees.  Although 70 t o  80 percent  of  
t h e  molecules can be sensed i n  about 10 mi l l i s econds ,  t h e  t o t a l  number 
has not  a r r i v e d  a t  t h e  sensor  u n t i l  about 150 mi l l i seconds .  

S a t e l l i t e s  AE-A and AE-B had s p i n  ra tes  of  0.67 sec / rev  and 2.0 s e c /  
r ev ,  r e spec t ive ly .  I n  terms o f  mi l l i seconds  p e r  degree of s p i n ,  t hese  
rates are = 1.0 and x 5.6.  Thus, when 70 percent  of  t h e  molecules 
reached the  sens ing  volume i n  AE-A, t h e  angle  of a t t a c k  had changed by 
5 degrees ,  and i n  AE-B by 2 degrees .  The idea  of  complete equi l ibr ium 
a t  each i n s t a n t  of  t i m e  f o r  t h e  probe a n a l y s i s  was obviously wrong. 
Accordingly, t he  a n a l y s i s  w a s  modified t o  provide f o r  t h i s  f e a t u r e  i n  
the  fol lowing manner. Using the  t ransmiss ion  p r o b a b i l i t i e s  , t he  number 
o f  molecules e n t e r i n g  the  o r i f i c e  which w i l l  r each  t h e  sensor  i n  a small 
increment o f  s p i n  angle  was ca l cu la t ed .  The t i m e  f o r  t h a t  number t o  
a r r i v e  a t  t h e  sensor  was then  determined from t h e  t i m e  response charac- 
t e r i s t i c s  der ived from f i g u r e  9.  Within the  sensor ,  however, molecules 
were leaving  a t  any i n s t a n t  of t ime, some of which would r e t u r n  t o  the  
ambient f i e l d  and some t o  t h e  sensor .  The flow from the  sensor  volume 
t o  ambient condi t ions  was ca l cu la t ed  f o r  t he  geometry of t h e  gauge wi th  
Monte Carlo techniques,  a long wi th  the  time h i s t o r y  f o r  r e tu rn ing  mole- 
cu le s .  With a l l  of t h i s  information,  t h e  number d e n s i t y  w i t h i n  t h e  
sensor  volume w a s  ca l cu la t ed  as a func t ion  of t h e  s p i n  r a t e .  Mathe- 
m a t i c a l l y ,  t h i s  would be expressed as 

( N t o t a l  ) j = N . K . A t .  j j 
j ( N t o t a l  1 I - KR AtRI J 

where 

) = number d e n s i t y  i n  the  sensing volume a t  a s p i n  angle  j .  

= average number of molecules en te r ing  the o r i f i c e  dur ing  

( N t o t a l  j 

t h e  change i n  s p i n  angle  f o r  j-1 t o  j .  j 
N 

= p r o b a b i l i t i e s  t h a t  t h e  molecule w i l l  not  r e t u r n  t o  i t s  
p re sen t  pos i t i on .  j 

K 
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A t  = f r a c t i o n  o f  molecules which w i l l  e x i t  o r  be counted i n  the  
j t i m e  corresponding t o  the  change o f  s p i n  angle  f o r  j-1 t o  j .  

Typical  r e s u l t s  of  t hese  c a l c u l a t i o n s  are shown i n  f i g u r e s  10, 11, 
and 12. While t h e  genera l  shape of  t h e  curve is  unchanged by the  time 
i n t e g r a t i o n ,  t h e  symmetry about t he  minimum angle  of a t t a c k  which occurs  
under equi l ibr ium condi t ions  i s  gone. Even more ev ident ,  however, i s  
t h e  change i n  t h e  magnitude. Figure 13 p resen t s  a t y p i c a l  t h e o r e t i c a l  
p ressure  response f o r  t he  equi l ibr ium probe response and the  t i m e -  
i n t eg ra t ed  response.  

C. Probe Response wi th  Time Response Plus  Gas Evolut ion 

Although t h e  t i m e  i n t e g r a t i o n  procedure c l o s e l y  p r e d i c t s  t h e  meas- 
ured va lues ,  it is  s t i l l  very  evident  t h a t  some o the r  a d d i t j o n a l  process  
i s  a f f e c t i n g  t h e  da t a .  The e f f e c t  i s  c e r t a i n l y  not  symmetrical s i n c e  the  
dev ia t ion  i s  g r e a t e r  as the  measured s i g n a l  has passed i t s  peak va lue  and 
begins t o  f a l l .  This  f a c t  sugges ts  t h a t ,  whatever t he  process  o r  proces- 
s e s  tak ing  p l ace ,  they are p ropor t iona l  t o  t h e  t o t a l  number o f  molecules 
which had en tered  the  probe. To t es t  t h i s  hypothes is ,  t h e  previous i n t e -  
g r a t i o n  procedure w a s  modified t o  include an a d d i t i o n a l  t e r m  propor t iona l  
t o  t h e  t o t a l  number dens i ty  which has en tered  t h e  probe before  each count- 
ing per iod.  The p ropor t iona l i t y  f a c t o r  must obviously be a func t ion  of  
t h e  gas spec ie s ,  t he  r a t i o s  of gas spec ie s ,  the  geometry of t h e  probe, 
t he  angle  of a t t a c k ,  t he  s t i c k i n g  p r o b a b i l i t y ,  t h e  recombination probabi l -  
i t y ,  e t c .  Since none of  t hese  r e l a t i o n s  are known, t h e  f a c t o r  was assumed 
t o  be cons tan t  and var ious  va lues  were t r i e d .  The r e s u l t s  are shown i n  
f i g u r e  14 f o r  f a c t o r s  o f  0.01, 0.001, and 0.0001. The predic ted  response 
wi th  t h e  f a c t o r  of .001 i s  only p a r t i a l l y  shown. Since the  bes t  f i t  t o  
t h e  d a t a  seems t o  be t h a t  model, t he  comparison is  repea ted  f o r  t h a t  case  
i n  f i g u r e  15,  where a very  good c o r r e l a t i o n  occurs .  

D. Spin Rate Ef fec t s  

The f l i g h t  measurements are f o r  t he  Explorer X X X I I ,  when i t s  s p i n  
ra te  w a s  0.5 cycle/second. 
same rate; however, s i n c e  the  Explorer XVII r a t e  w a s  1 .5  cycles/second,  
t he  a n a l y s i s  w a s  repeated f o r  t h i s  f a s t e r  rate. Figure 16 p resen t s  t h e  
case of  one specular  r e f l e c t i o n  and t h e  f a c t o r  of  .001. While, i n  
gene ra l ,  t h e  t h e o r e t i c a l  a n a l y s i s  does approach c l o s e l y  the  f l i g h t  meas- 
urements f o r  t h e  lower s p i n  ra te ,  the  agreement i s  not' nea r ly  so good 
when the  c o r r e c t  rate i s  used. 

A l l  o f  t he  previous a n a l y s i s  considered t h i s  
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E. Magnitude of  Response 

Although t h e  normalized g raph ica l  d i s p l a y  of  t he  response charac- 
t e r i s t i c s  are extremely use fu l  i n  developing the  concepts f o r  t h e  
phys ica l  process  occurr ing  i n  t h e  gauge, t h e  magnitude o f  t he  response 
curve is  requi red  t o  re la te  t h e  measured dens i ty  t o  the  ambient dens i ty .  
Figure 17  shows the  p red ic t ed  magnitude response f o r  (1) a n  o r i f i c e  
a n a l y s i s ,  (2) an equi l ibr ium p res su re  probe a n a l y s i s ,  ( 3 )  a t ime- in te -  
g ra t ed  probe response wi th  one specular  r e f l e c t i o n  and the  f a c t o r  o f  
.001 w i t h  a 0.5 cycle/second s p i n  ra te ,  and ( 4 )  t h e  t ime- in tegra ted  
probe response wi th  a 1.5 cycle/secona s p i n  ra te .  It i s  e a s i l y  no t i ce -  
ab le  t h a t  t h e  in t eg ra t ed  response va lues  f o r  both s p i n  rates are w i t h i n  
5 10 percent  o f  t he  o r i f i c e  response va lue  a t  amin. 

Figure 18 compares the  in t eg ra t ed  response va lues  wi th  and without 
t he  a d d i t i o n a l  f a c t o r .  Again, a t  t h e  peak va lue ,  t h e  increase  i n  the  
number d e n s i t y  i s  only  about 10 percent .  Figure 1 9  shows the  in t eg ra t ed  
response wi th  t h e  a d d i t i o n a l  f a c t o r  f o r  two s u r f a c e - i n t e r a c t i o n  models. 
While t h e  shapes of  t h e  curves d i f f e r ,  i t  i s  seen t h a t  t he  magnitudes 
of t h e  number dens i ty  a t  %in are i d e n t i c a l .  

I V .  DISCUSSION OF RESULTS 

A.  Angle of Attack Ef feq t s  

Although the  above a n a l y s i s  has been discussed only  f o r  the  case 
when %in = 0 degrees ,  d a t a  were a l s o  a v a i l a b l e  f o r  amin 10 degrees 
and amin = 30 degrees.  Figures 20 and 2 1  present  t he  f l i g h t  d a t a  f o r  
%in  10 degrees  and t h e  in t eg ra t ed  t i m e  response f o r  both the  d i f f u s e  
and one s p e c u l a r - r e f l e c t i o n  model inc luding  the  a d d i t i o n a l  f a c t o r .  
These curves appear t o  d i sp l ay  e s s e n t i a l l y  the  same f e a t u r e s  as the  
hin = 0 degrees  r e s u l t s .  S imi la r  r e s u l t s  f o r  t he  amin = 30 degrees  
a n a l y s i s  are shown i n  f i g u r e s  22 and 23, where w e  can see  t h a t ,  whi le  
t he re  i s  r e a l l y  l i t t l e  d i f f e r e n c e  between the  two models, t he  completely 
d i f f u s e  model a c t u a l l y  seems t o  be more s imi l a r  t o  the  f l i g h t  da t a .  

These f e a t u r e s  imply t h a t  a more r e a l i s t i c  model would be one i n  
which the  type of r e f l e c t i o n  i s  a func t ion  of  t h e  angle  of incidence 
made by t h e  gas molecule t r a j e c t o r y  wi th  the  gauge su r faces .  When the  
t r a j e c t o r y  makes a s m a l l  angle  wi th  respect t o  t h e  normal t o  the  s u r -  
f ace  a t  the  po in t  o f  c o l l i s i o n ,  t he  r e f l e c t i o n  i s  more l i k e l y  t o  be 
d i f f u s e  than  when the  angle  i s  l a r g e  ( f o r  example, when t h e  molecule 
has a graz ing  c o l l i s i o n  where t h e  t r a j e c t o r y  i s  nea r ly  para l le l  t o  the  
su r face ) .  
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B. Composition of  t h e  Atmosphere 

In  the  previous a n a l y s i s ,  t h e  spec ie s  o f  gas  e n t e r i n g  t h e  probe has 
not been considered.  The f l i g h t  d a t a  used f o r  t h i s  s tudy r ep resen t  meas- 
urements i n  a l t i t u d e  g r e a t e r  than  280 kilometers .  A t  t hese  a l t i t u d e s  t h e  
p r i n c i p a l  c o n s t i t u e n t  of  t h e  atmosphere i s  atomic oxygen, t he  p r o p e r t i e s  
o f  which are e s s e n t i a l l y  unknown, e s p e c i a l l y  i n  terms of  t h e  energy and 
momentum exchange occurr ing  a t  the  very  high r e l a t i v e  v e l o c i t y  impact 
between t h e  spacec ra f t  and t h e  molecule. Although some d e f i n i t i v e  meas- 
urements have been at tempted,  many ques t ions  s t i l l  e x i s t  1141. 

Because atomic oxygen i s  a very  r e a c t i v e  par t ic le ,  t he  p r o b a b i l i t y  
t h a t  an oxygen atom, upon e n t e r i n g  the  probe and c o l l i d i n g  wi th  t h e  w a l l  
s e v e r a l  times, w i l l  become chemisorbed o r  phys i ca l ly  adsorbed must be 
q u i t e  high. From t h e  Monte Carlo a n a l y s i s  of  t h e  geometry of the  p r e s -  
su re  probe, it can be seen i n  f i g u r e  24 t h a t ,  wh i l e  a s m a l l  percentage 
(= 25 percent )  of  t h e  molecules a t  small angles  of a t t a c k  may e n t e r  t he  
sensor  volume wi th  less than  4 o r  5 c o l l i s i o n s  wi th  the  w a l l s ,  most of  
t h e  p a r t i c l e s  must undergo many c o l l i s i o n s  before  en te r ing  the  sensor  
region.  I n  f a c t ,  t h e  p a r t i c l e s  were t racked f o r  a t  least  350 c o l l i s i o n s  
before  they were d iscarded .  (Fewer than  1 percent  of t he  p a r t i c l e s  made 
more than  350 c o l l i s i o n s  before  they en tered  the  sensor  reg ion  o r  re turned  
t o  the ambient f low).  

It seems reasonable  t o  assume t h a t  atomic oxygen does not  respond 
i n  the  way t h e  " b i l l i a r d  b a l l "  model of t he  Monte Carlo method p r e d i c t s .  
Most l i k e l y ,  t h e  atomic oxygen "thermalizes" ( i . e . ,  assumes a v e l o c i t y  
d i s t r i b u t i o n  descr ibed by the  temperature o f  t he  probe) w i t h i n  a very  
few c o l l i s i o n s  ( 2  t o  6), a f t e r  which t i m e  it becomes bound t o  the  w a l l  
by some chemical o r  phys ica l  process .  Thus, t he  ion  gauge on the  sa te l -  
l i t e  does not  measure any apprec iab le  amount of atomic oxygen. 

However, from the  a n a l y s i s  above i t  i s  q u i t e  ev ident  t h a t  the  
responses of the  dens i ty  gauge on AE-A and AE-B were very  similar 
as p red ic t ed  from f l u i d  dynamic cons idera t ions .  There must be some con- 
s t i t u e n t  which must no t  have been captured onto  the  walls.  Since the  
next  major c o n s t i t u e n t  of the atmosphere a t  these  a l t i t u d e s  i s  molecular 
n i t rogen ,  t h e  response must be due t o  t h i s  gas.  

I n  summary, t h e  o r b i t i n g  gauges respond t o  molecular n i t rogen  as 
predic ted  by f l u i d  dynamic cons ide ra t ions ,  but  l i t t l e  o r  no atomic 
oxygen i s  measured by these  gauges. 
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C.  Processes  w i t h i n  t h e  Gauges 

I n  t h i s  a n a l y s i s  i t . i s .  ev ident  t h a t  adequate c o r r e l a t i o n  between 
t h e  f l i g h t  d a t a  and p red ic t ed  d a t a  r e q u i r e s  an  a d d i t i o n a l  process  which 
is  p ropor t iona l  t o  the  in t eg ra t ed  number of molecules having en tered  t h e  
probe before  t h e  t i m e  of measurement. Since t h e  p r i n c i p a l  response i s  
due t o  f l u i d  dynamic c h a r a c t e r i s t i c s  of molecular n i t rogen ,  what i s  the  
phys ica l  i n t e r p r e t a t i o n  of  t h e  a d d i t i o n a l  process?  In  terms of abso lu te  
magnitudes, spec ie s ,  e tc . ,  it i s  no t  poss ib l e  t o  quote  v a l i d  r e s u l t s  
because o f  t h e  many unknowns l i s t e d  above. Some i n s i g h t ,  however, on 
t h e  problem can be gained from the  d i scuss ion  of  t he  previous sec t ion .  
Atomic oxygen must p l ay  t h e  dominant r o l e  i n  t h i s  response.  The addi-  
t i o n a l  s i g n a l  i s  most l i k e l y  due t o  molecular oxygen formed from the  
i n t e r a c t i o n  of  t he  oxygen atoms on t h e  chamber wal l s  o r  from t h e  i n t e r -  
a c t i o n  of  an  incoming oxygen atom s t r i k i n g  another  one on the  w a l l .  
Poss ib ly  t h e  energy r e l eased  by a high v e l o c i t y  atom f r e e s  loose ly  bound 
atoms on t h e  w a l l  which even tua l ly  recombine t o  form oxygen molecules. 
Another p o s s i b i l i t y  which has been suggested by von Zahn i s  t h e  forma- 
t i o n  o f  N,O [IS]. 

D. Density Calcu la t ions  

The i n t e r p r e t a t i o n  used above r e f l e c t s  a g r e a t  change i n  t h e  
d e n s i t i e s  der ived  from t h e  gauge when compared t o  previous a n a l y s i s .  
Newton's method f o r  de r iv ing  d e n s i t y  uses  the  expression:  

(pmax - 'm i n  ) 
a =  

where 

P =maximum pressure  i n  a tumble cyc le  max 

minimum pres su re  i n  a tumble cyc le  'm i n  

Vmp 

Un 

= the  most probable speed of the  gas  i n  the  sensor  

= t he  r e l a t i v e  normal v e l o c i t y  between t h e  atmosphere 
and t h e  probe. 

Using t h e  d a t a  from t u r n  on 4/68 and assuming t h e  ambient temperature t o  
be lo3 OK and the  sensor  temperature t o  be 300"K, t h e  d e n s i t y  w a s  d e t e r -  
mined t o  be 

p x 1.09 x 10-14 gm/cm3 
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w i t h  t h e  r a t i o  of [0]/[N2] 

Vmp = 512 .m/sec, Un 8300 m/sec. &ever,  t f o r  d e n s i t y  f.8 
v a l i d  only  i f  t h e  s e n s i t i v i t y  of t h e  gauge fo atomic oxygen is the 
same as it  is  f o r  molecular n i t rogen .  Most l i k e l y ,  t h e  s e n s i t i v i t y  
f a c t o r  f rogen. For 
t h e  LO]/ i t u e n t s  t o  
t h e  t o t a l  i nd ica t ed  pressure  i n  t h e  gauge is  i n  the  r a t i o  of 1/1.5. 
Adjust ing t h e  response f o r  t h i s  f e a t u r e ,  t h e  " t rue" Pmax would be 
1 . 3 2  x lo'* dynes/c$ and 

3 ,  so t h a t  t71 19; Pmax a 6.12 x low7 mm Hg 
8 . 1 6  x lo" dynes/c&,; Pmin = 2.8 x 10-8 mm Hg = 3 . 7 3  x lo'& dynes/cm?; 

p = 1.76 x 10-1" gm/cm3. 

Using t h e  r e s u l t s  of t h i s  study, w e  f i nd  t h a t  t h e  speed r a t i o  i s  about 
10. Considering equal  response of  t h e  gauge t o  N2 and the  "recombina- 
t i o n  product, ' '  N2 makes up about 93 percent  of  t h e  maximum s igna l .  
N2 d e n s i t y  based on a p res su re  probe is  

The 

m 
k t  

p - PIT,/TsI Y 

where 

m 

k = Boltzman's cons tan t  

T = 1000°K 

'max = c8.16 x 

y 

= mass of an  N2 molecule 

dyne/&] x .93 

= response f a c t o r  determined by t h e  a n a l y s i s  above = 35.4. 

Evaluat ing t h i s ,  w e  f i nd  

1.24 x gm/cm3 
pn2 
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Thus, it i s  seen t h a t  t h e  d e n s i t y  based on t h i s  s tudy i s  about two t i m e s  
g r e a t e r  than  t h a t  deduced by Newton's method. 

E. Impl ica t ions  t o  O r b i t a l  Aerodynamic Calcu la t ions  

I f  t he  r e s u l t s  discussed above t r u l y  represent the  gas-sur face  
i n t e r a c t i o n s  a t  o r b i t a l  cond i t ions ,  i t  i s  i n t e r e s t i n g  t o  see  how these  
e f f e c t s  in f luence  the  more convent ional  aerodynamic ca l cu la t ions .  
L e t  us  assume t h a t  t h e  atmosphere i s  p r i n c i p a l l y  atomic oxygen and 
molecular n i t rogen  i n  t h e  r a t i o  [O]/[N,] o f  1 a t  200 km and 8 a t  300 km. 
Since t h e  molecular n i t rogen  i s  specu la r ly  r e f l e c t e d ,  i t  seems reason- 
a b l e  t h a t  t h e  energy exchange on c o l l i d i n g  wi th  the  s a t e l l i t e  su r face  
i s  incomplete and the  accommodation c o e f f i c i e n t  w i . 1 1  be low. For con- 
venience,  w e  l e t  t he  accommodation c o e f f i c i e n t  

E, - E_ 
1. L 

Ei  - Ew ACC = 

be 0.5 f o r  n i t rogen .  

Thus, f o r  a s p h e r i c a l  s a t e l l i t e ,  the  drag  c o e f f i c i e n t  a t  both 200 
and 300 k i lometers  w i l l  b e  approximately 2.  However, a s a t e l l i t e  con- 
s i s t i n g  of  many f l a t  su r f aces  w i l l  be a f f ec t ed  as shown i n  f i g u r e  24,  
where the  drag of  a f l a t  p l a t e  i s  shown f o r  t h e  assumed condi t ions .  

V. CONCLUSIONS 

From t h i s  a n a l y s i s  of  t he  c h a r a c t e r i s t i c s  of  t he  modified Redhead 
magnetron vacuum gauge flown on Aeronomy S a t e l l i t e s  A (Explorer XVII) 
and B (Explorer XXXII), t he  fol lowing conclusions may be drawn: 

a. The response of  t he  gauge i s  no t  as predic ted  by equi l ibr ium 
o r i f i c e  theory o r  pressure  probe theory because of  t h e  t i m e  response 
c h a r a c t e r i s t i c s  of t he  gauge and t h e  sp in  r a t e  o f  t he  s a t e l l i t e s .  

b. The response is  b a s i c a l l y  a f l u i d  dynamic, t ime- in tegra ted  
s i g n a l  which can be predic ted  by a simple,  y e t  p l a u s i b l e ,  gas-sur face  
i n t e r a c t i o n  model. 

c. The phys ica l  p r o p e r t i e s  of  the  atmospheric gases  being measured 
and t h e  k i n e t i c s  of  t he  gases  w i t h i n  t h e  probe i n d i c a t e  t h a t  molecular 
n i t rogen  i s  t h e  p r i n c i p a l  c o n s t i t u e n t  being measured with some small 
con t r ibu t ion  from processes  such as recombinat ion  of atomic oxygen 
i n t o  molecular oxygen. 
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d. The gas-sur face  i n t e r a c t i o n  model used f o r  t h i s  a n a l y s i s  
implies  t h a t  aerodynamic c o e f f i c i e n t s  must d i f f e r  from those  now c a l -  
cu la t ed  using d i f f u s e  r e f l e c t i o n  t h e o r i e s .  

e. A c r i t i ca l  need i n  t h e  space physics  area i s  a series o f  
d e f i n i t i v e  experiments t o  e s t a b l i s h  t h e  t r u e  i n t e r a c t i o n s  o f  t h e  upper 
atmosphere w i t h  space probes. 

V I .  RECOMMENDATIONS 

Clea r ly ,  a n  experiment o r  a series of  experiments needs t o  be 
conducted t o  answer these  r a t h e r  fundamental ques t ions  which plague 
both t h e  space s c i e n t i s t  and t h e  space engineer .  The Odyssey program 
o f  the  Marshall  Space F l i g h t  Center o u t l i n e s  s e v e r a l  u se fu l  expe r i -  
ments which should be accomplished. 
aerodynamically o r i e n t e d  from t h e  viewpoint of o r b i t a l  c h a r a c t e r i s t i c s .  
To examine t h e  gauge problem more c l o s e l y ,  new experiments exp lo i t i ng  
f e a t u r e s  observed i n  t h i s  type o f  a n a l y s i s  should be developed. Speci-  
f i c a l l y ,  t he  idea  o f  Zukov e t  a l .  [16] t o  use an  o r i f i c e  probe and a 
p i t o t  probe t o  d i r e c t l y  measure t h e  upper atmospheric temperature could 
be expanded t o  inc lude  seve ra l  p i t o t  probes of t h e  same des ign  bu t  wi th  
minor geometric changes which could allow examination of  o t h e r  param- 
eters.  That experiment would be extended t o  inc lude  c y l i n d r i c a l  duc t s  
o f  several length- to- rad ius  r a t i o s .  I n  any case,  t h e  experiments should 
allow for :  

These experiments are b a s i c a l l y  

a. Analysis  o f  t h e  f r e e  molecule flow p r o p e r t i e s  of  t h e  probe by 
s i m p l e  numerical methods. Various i n t e r a c t i o n  models could thus  be 
e a s i l y  s tud ied .  

b .  Spin modulation through a l l  angles  of  a t t a c k  but  w i t h  s p i n  
ra tes  s u f f i c i e n t l y  low t o  remove problems due t o  time response charac-  
terist ics.  

c .  A mass spectrometer  sensing element so t h a t  i nd iv idua l  con- 
s t i t u e n t s  could be analyzed. 

d. A complete measurement through pe r igee  t o  apogee and back t o  
per igee.  

e. Various types of  gauge w a l l  materials, such as s t a i n l e s s  steel 
g l a s s ,  etc.  
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